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X-ray absorption spectroscopy~XAS! in the intermediate x-ray region~2–6 keV! for dilute
biological samples has been limited because of detector/flux limitations and inadequate cryogenic
instrumentation. We have designed and constructed a new tailpiece/sample chamber for a
commercially available liquid helium cooled cryostat which overcomes difficulties related to low
fluorescence signals by using thin window materials and incorporating an internal photodiode
detector. With the apparatus, XAS data at the Cl, S, and CaK edges have been collected on frozen
solutions and biological samples at temperatures down to 60 K. A separate chamber has been
incorporated for collecting room-temperature spectra of standard compounds~for energy calibration
purposes! which prevents contamination of the cryostat chamber and allows the sample to remain
undisturbed, both important concerns for studying dilute and radiation-sensitive samples. ©2004
American Institute of Physics.@DOI: 10.1063/1.1753672#

I. INTRODUCTION

X-ray absorption spectroscopy~XAS! is an element-
specific technique with widespread applications in structural
biology, environmental science, and materials chemistry.
While obtaining x-ray spectra of solid or concentrated
samples is straightforward using transmission mode with
ionization chambers, the development of fluorescence
detection1 significantly improved the attainable signal-to-
noise thereby facilitating studies of dilute biological and en-
vironmental samples. The most widespread use of XAS in
biology is to obtain oxidation state and ligand information of
metals with x-ray absorption near edge spectroscopy
~XANES! and structural information with extended x-ray ab-
sorption fine structure~EXAFS! for samples which cannot be
or have not yet been crystallized, or to get more precise
information about the microstructural environment around
the metal center than can be determined using crystallogra-
phy. These experiments are often performed at theK edges
of transition metal centers in metalloproteins2–4 which lie in
the ‘‘hard’’ x-ray region,Ephoton.6 keV.

Sulfur and chlorine are ubiquitous in biological samples,
and a more complete development of accessible instrumen-
tation for XAS studies would provide a straightforward tech-
nique to probe these atoms that are particularly difficult to
study by other spectroscopic methods. Despite subsequent

improvements of fluorescence detection methods by the use
of energy-resolving detectors,5 investigations at theK edges
of low-Z atoms such as S and Cl within proteins and other
biological samples have remained relatively scarce.6–10 This
is primarily due to the paucity of synchrotron beam lines
equipped with wigglers or undulators which provide high
flux photons at theK edges of these atoms~2–6 keV or
‘‘intermediate’’ x-ray energy range!, and the lack of beam
line instrumentation~cryostat, detector, He flight path, etc.!
with which one can perform XAS on dilute~,1 mM! bio-
logical samples in this energy region. This article addresses
the instrumentation issue, of which the experimenter has di-
rect control. Several papers describing modifications and im-
provements to XAS cells have been described in the
literature,11–15 but none have presented instrumentation
which would facilitate XAS studies at temperatures near liq-
uid helium temperatures to investigate dilute samples of bio-
logical interest at the sulfur or chlorineK edges~2472 and
2822 eV, respectively!. Though existing coldfinger technol-
ogy is sufficient for samples which can be studied in
vacuum, XAS of biological samples is best performed with
an ambient pressure of a temperature-exchange gas, usually
helium. Biological samples typically have poor thermal con-
duction and are subject to lyophilization if kept in vacuum.
The exchange gas also helps minimize the formation of a
‘‘hot spot’’ on the sample, a particularly serious problem for
aqueous biological samples at these lower energies where the
x-ray beam is almost completely absorbed~.95%! in the
first 100mm of the sample.

Radiation damage is an important consideration for XAS
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studies of proteins, cells, tissues, and biological fluids. While
some inorganic compounds may be scanned at room tem-
perature with minimal degradation over many hours, one 20
min scan can be enough to degrade a protein, even at 0 °C.16

Such experiments thus require the use of a liquid helium or
liquid nitrogen cryostat with vacuum insulation. In either
case helium must be used as the temperature-exchange gas in
these experiments because nitrogen would attenuate the in-
coming and fluorescent x-ray flux considerably. A commonly
used commercially available apparatus for hard x-ray XAS is
the Oxford Instruments CF1208 liquid helium cryostat
equipped with a tailpiece suited for external fluorescence de-
tection with 50–75-mm-thick windows of Al-coated Mylar or
Kapton. These windows are excellent in terms of durability,
radiation shielding, and vacuum compatibility for hard x-ray
experiments but they absorb intermediate-energy x rays sig-
nificantly. As shown in Table I, at 2470 eV~the sulfur K
edge! 4% of the incident photons will arrive at the sample
after passing through two 50-mm-thick Mylar windows ~a
typical thickness for a conventional cryostat used in hard
x-ray experiments!. However, that is only part of the chal-
lenge; detecting the lower energy sample fluorescence signal
requires passage through two more windows to reach an ex-
ternal fluorescence detector. The limitations of this experi-
ment are clearly multiplied in the study of dilute samples.

A second problem arises with the typical method used
for XAS energy calibration. The monochromatic radiation at
a synchrotron beam line is susceptible to energy shifting
which necessitates frequent or simultaneous calibration scans
during data collection. A common technique is to place a
standard sample downstream from the sample and take a
simultaneous scan in transmission mode using ionization
chamber detection. This method is suitable for hard x rays
which easily pass through the sample, but a typical 1-mm-
thick sample is essentially opaque for intermediate-energy x
rays (T51.3310213% for 1 mm H2O at 2470 eV, T
50.029% at the calciumK edge, 4038 eV!. Calibration by

running a spectrum of a~concentrated! standard in between
sample scans introduces the possibility of contamination of
the sample chamber and requires removal and minimally
some temperature cycling of the sample.

Several modifications to existing XAS methodology
must be made to overcome the aforementioned difficulties of
studying dilute samples in the 2–6 keV photon range at liq-
uid helium temperatures:~1! the incident photon flux onto
the sample must be maximized by using thin windows which
can withstand a 1 atm pressure differential;~2! attenuation of
the fluorescence photons must be minimized between the
sample and the detector by using thin windows and/or re-
moving unnecessary windows altogether; and~3! provisions
should be made for scanning a standard without risk of con-
tamination of the cryostat with the element of interest or
disruption or thermal cycling of the sample. Herein we de-
scribe an integrated standards sample chamber, liquid helium
cryostat tailpiece, and internal detector assembly which was
developed to overcome the difficulties inherent to obtaining
x-ray absorption spectra of dilute biological samples in this
challenging x-ray energy region.

II. EXPERIMENTAL SECTION

A. Sample chamber

The sample chamber has been designed to fit as a tail-
piece onto an Oxford Instruments CF1208 liquid helium cry-
ostat, but with simple modifications it could be used with
other types of cryostats. Details of the inner sample chamber
and its outer shroud are shown in Fig. 1. All components are
machined from aluminum except where noted. The x-ray en-
trance window on the outer shroud is 8-mm-thick Kapton
~polyimide!, which is mounted with epoxy onto a detachable
window plate which seals to the outer shroud with a polybu-
tyl rubber o ring. The entrance window into the sample
chamber is 8-mm-thick Kapton coated with 0.2mm diamond-
like carbon ~DLC! by Crystallume, Santa Clara, CA. We

TABLE I. Comparison of percent transmission of the incident flux at the sample and fluorescent flux at the
detector for iron and sulfur XAS experiments: conventional Oxford Instruments CF1208 cryostat with an
external detector vs the new design with an internal photodiode detector or external detector.

Element
Chamber/detector

configuration

Fea

Conventional/
external detector

~%!

Sb

Conventional/
external detector

~%!

New design/
external detector

~%!

New design/
photodiode

~%!

%T of incident flux to sample
at K-edge energyc

87 4.0 62 62

%T of fluorescent flux to
detector atKa energyc,d

83 2.0 35 100

Total signal reduction
due to window materials
~as % signal remaining!

72 0.08 22 62

aK edge57112 eV;Ka56404 eV.
bK edge52472 eV;Ka52308 eV.
cBased on photons passing through two 50-mm-thick Mylar windows for conventional cryostat and two 8-mm-
thick Kapton windows for the new design cryostat. Mylar, which is more commonly used with hard x-ray
cryostat designs, absorbs comparably to Kapton.

dBoth fluorescence windows for the new design have an 80% transmittance support grid in addition to an
8-mm-thick Kapton window. The calculations take into account only the effect of window material and support
absorptions, not window solid angle, as the impact of that is highly detector dependent.
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have found that using Kapton windows with a DLC coating
reduced difficulties with He diffusion. The internal sample
chamber window was mounted with epoxy onto a plate
which is mounted onto the chamber with an indium seal.
Both entrance windows accommodate the beam spot~ap-
prox. 12 mm width31 mm height! on beam line VI-2 at the
Stanford Synchrotron Radiation Laboratory.

A short pipe~‘‘scatter snout’’! is affixed to the inside of
the sample chamber window. This piece shields the internal
photodiode detectors from scattered radiation caused by the
incoming beam striking the entrance window, thus lowering
the background current signal.

The outer and inner chambers are rectangular shaped, in
contrast to conventional XAS cryostat designs where a cy-
lindrical sample compartment allows for closer proximity of
the sample to an external detector. Our design is more suit-
able for an internal detector array of several photodiodes
mounted flat against one of the inner walls at 90° to the
incident window. The opposite wall is a detachable solid
plate with an indium seal which can be interchanged with a
plate containing a large window with a thin~8 mm! film and
a support grid for use with an external detector. The support
grid was necessary because the fluorescence windows are too
large ~3.5 in. diameter for the outer chamber! for the thin
film to withstand a 1 atm pressure differential. Although a
grid of different composition could be used, we used an Al
grid machined in-house which transmits 80% of the flux. The
fluorescence window option is for detector flexibility; to use
an external detector exclusively and at hard x-ray energies,
the conventional cylindrical design should be used.

B. Photodiode detector assembly

The silicon photodiode array was fabricated by Interna-
tional Radiation Detectors, Inc., Torrance, CA. It consists of

five AXUV-300 diodes mounted onto a Kovar plate with a
mixture of standard and conductive epoxies to insure
grounding. Each diode has its own cathode to enable dis-
crimination of each signal separately. All electrical connec-
tions were made using indium solder. The diode array is
mounted onto the inside wall of the sample chamber with an
aluminum mounting plate which has male connector pins,
one for each diode and several redundant pins for the com-
mon anode~ground!. The mounting plate with connector
pins allows for simple assembly and removal of the detector
from the sample chamber for cleaning purposes.

Because dilute samples generate signal currents in the
picoampere range, the wire length between the photodiodes
and the amplifiers is minimized and the wires are shielded as
much as possible. The Kapton-coated stainless steel wires
are fed through the wall of the inner sample chamber as
shown in Fig. 2. Although copper wire could be used, stain-
less steel was chosen since its thermal conductivity is;28
times less than that of copper and we wanted to minimize
heat transfer into the cryostat’s inner chamber. A small helix
~2–3 turns! of indium wire is wrapped around the wire, and
a small aluminum disk with holes for passage of the wires is
tightened down against the outer chamber wall to create a
vacuum-tight electrical feedthrough suitable down to 10 K.
The signal wires follow the length of the cryostat and exit
out the top to minimize thermal loss from the sample cham-
ber.

C. Standards chamber

A separate chamber for running XAS spectra of standard
compounds for energy calibration was designed to fit onto
the front of the sample chamber and is kept purged with He
gas. The standard compound were spread onto Mylar tape
with a ,10-mm-thick polypropylene cover, and taped onto a
retractable flap within the chamber. For scanning a standard,
the flap is lowered into the beam path. A silicon photodiode
~AXUV-300M, IRD, Inc.! is used as the detector. This
method enables one to easily scan a standard in between
several scans of the same sample without disruption or addi-

FIG. 1. Side view of the sample and standard chambers.~1! entrance port
downstream from theI o ion chamber and slits;~2! Al standard chamber;~3!
Si photodiode;~4! retractable flaps for mounting standards;~5! He atmo-
sphere;~6! 8-mm-thick polyimide window;~7! butyl rubber o ring;~8! 8 mm
polyimide window with 0.2mm diamond-like carbon coating;~9! indium
o-ring seal;~10! Al pipe scatter snout;~11! Al outer sample chamber;~12!
vacuum space;~13! Al inner sample chamber;~14! 1 atm He gas;~15! five
Si photodiode array;~16! photodiode array mount;~17! sample;~18! sample
rod; ~19! polyimide-coated wires for photodiode signal output; and~20!
indium-sealed electrical throughput~detailed in Fig. 2!.

FIG. 2. Electrical throughput. Wires are sent through holes~snug fit! in the
chamber wall and an Al disk. Two turns of 1 mm diameter indium wire are
wrapped around each wire and the disk is tightened down to the chamber.
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tional x-ray exposure of the cooled sample, or risk of con-
tamination of the sample chamber.

III. RESULTS AND DISCUSSION

Figure 3 presents a comparison of the solid angle for the
internal detector and an external fluorescence detector17 us-
ing the standard or new rectangular design. The currently
available cylindrical design allows for closer proximity of an
external detector with good solid angle but it lacks space for
a windowless internal detector. The internal detector has a
larger accessible solid angle of fluorescence photons, compa-
rable to that obtainable with a cylindrical design@see Fig.
3~b!#. The solid angle afforded by the thin supported win-
dows is the smallest of the three, but is only envisioned to be
used with an energy-resolving detector which is more limited
usually by its own acceptance. The size of the supported
external windows in the new design are adequate for a stan-
dard Canberra 13-element Ge detector. In addition, if the
detector geometry is known and the position fixed relative to
the cryostat, supports can be designed which will give only
the attenuation of the window materials, further enhancing
efficiency of the fluorescence detection. Such an optimiza-
tion was not attempted in the present study.

The superiority of the internal detector in terms of flux
can be seen by comparing the percent transmittance of the
incidence x rays as they pass through the windows of the
sample chamber, interact with the sample, and then fluoresce
and reach the detector. Table I displays comparative values
for percent transmittance of the initial flux at two locations in

the sample chamber, at the sample and at the detector, for the
conventional hard x-ray design and the new design. These
values were calculated with a program by E. Gullikson at the
Center for X-Ray Optics, Lawrence Berkeley National Labo-
ratory, available at the web site http://www-cxro.lbl.gov. The
calculations are based upon a mix of experimental measure-
ments and theoretical calculations and determine the trans-
mittance based on the absorption and scattering cross sec-
tions of individual atomic constituents of the material.

The conventional cryostat is acceptable for experiments
at higher energies~e.g., the ironK edge!, but clearly would
not suffice for sulfur XAS regardless of the absorber concen-
tration. The new design with an external detector is much
better, but for dilute samples there still may be difficulties
since the two fluorescence windows severely attenuate the
signal. The internal photodiode detection system is compa-
rable to the standard hard x-ray experiment, with no attenu-
ation of the fluorescence photon flux, just the attenuation of
the photons passing through the entrance windows.

Other factors being equal, the internal photodiodes are
comparable to a Lytle detector used with the standard cry-
ostat~comparable active area with no energy discrimination!.
External energy resolving detectors are commonly used for
dilute samples in the hard x-ray region, where incident beam
and fluorescence photons can more readily pass through win-
dow materials. For dilute samples in the intermediate energy
range, an energy-resolving detector might also be favored in
terms of signal to noise but the loss of fluorescence signal to
cryostat window absorption can make such measurements
impractical. In such cases, an internal photodiode may be the
only way in which one may detect the element of interest for
XAS experiments.

To test the system, we obtained ClK-edge spectra at 60
K of dilute aqueous solutions of chloride at various concen-
trations down to 250mM and inactivated Photosystem II~PS
II ! membranes where@Cl#5;250mM. Figure 4 presents the
Cl K-edge spectrum of a single scan of a 250mM chloride
solution in 50%~v/v! glycerol and a signal-averaged spec-

FIG. 3. Comparison of fluorescence signals for internal and external detec-
tors. When the sample is in either position I or II shown in Fig. 3~a!,
fluorescence x rays originate from the illuminated sample in the direction of
the internal photodiode detector~position I! or passes through two windows
to reach an external detector~position II!. This figure demonstrates that a
larger solid angle is achieved within a shorter distance for the photodiode
configuration. The relationship is shown more quantitatively in Fig. 3~b!
where the photodiode array face is shown with the cross sections at the same
distance of the windows for the standard and modified design superimposed.
The dash-dot line is the standard cryostat window~90° cone from sample
center! and the dashed line is the new design~72° cone from sample center!.
The photodiode array clearly accepts the largest solid angle of fluorescence.

FIG. 4. Normalized chlorineK-edge x-ray absorption spectra of a 250mM
chloride solution in 50% glycerol, one scan~dashed line!; and an inactive
Photosystem II membrane-bound protein complex in a 50% glycerol/buffer
solution, 30-scan average~solid line!. Spectra were collected at 60 K using
the internal photodiode array assembly.
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trum ~30 scans! of inactive PS II samples in 50%~v/v! glyc-
erol. The signal-to-noise ratio for a single scan is undesirable
for analysis or presentation purposes but is included to show
that a ClK-edge spectrum of this relatively low chloride con-
centration is observable within one scan using this apparatus.
Such concentrations are challenging even for experiments in
the hard x-ray range and to our knowledge, XAS detection of
such dilute samples is unprecedented in the intermediate
x-ray region.

We have also used the apparatus at the sulfurK edge for
distinguishing between disulfides and thiol groups in sulfur-
containing protein samples at 90 K.18 Calcium EXAFS was
investigated19 for the oxygen-evolving complex of PS II at
100 K using the fluorescence window with support grid and
an energy-resolving Ge detector.

It is important to collect XAS data on biological samples
at low temperatures in order to protect them from radiation
damage. In testing the temperature range of the apparatus, 10
K was the lowest temperature that was reached. None of the
10 K data is presented here due to difficulties with a lower
signal-to-noise ratio for those samples and problems with
stability/reproducibility. Incorporating a radiation shield into
the design would allow for a more stable apparatus at lower
temperatures and would also reduce He consumption.
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